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i^STRACT 


v> 


The development of a numoer of freouency 
doubler circuits li&s been discussed As the 
frequency doubler circuits viith two phase input 
using two full 'A'-ve rectifiers and a subtraction 
unit suffered from the drawbacks of low effi- 
ciency and poor regulation, an attempt vvas made 
to improve the circuius. Tnis resulted in the 
development of an improved frequency aoubler 
circuit \ath two p}-< so inputs T} e piincipies 
employed in tte - bovc circuxts have been shown 
to be quite generc'l for frequency multiplication 
Since a t.vo phase inj,'ut is necessary for these 
freouency doublers, di cittempt Wc.s mode to develop 
a frequency doubler vi-ith single phase input. Tins 
circuit also has been shown to be spplic 'ble for 
frequency multiplication by ^n integer greater 
th an fvjo 
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IRliiODU CTIOR 

The development of Silicon Controlled Rectifier 
(SCR), 8 semi conauc tor eouiv-'lent of thyrctron end 
rierenry sre rectifier i rs given the electrical engineer 
a new tool lor power control Many interesting anc 
valuable applications have been devised^ the frequency 
changer being one of them. 

1 ireq^^exicy cLangei is a device or a combination 
oi devices mat receives electrical povver at a given 
fie'‘'jercy anu delivers it at a aifferent freouency The 
nltage anu number of phases may or may not be changed 
during the ti t sfor’^ation process. Rov.ever, this can 
be obtained by using st tic transformers, fiititertoo, 
the frequency conversion has been possible only by 
rotating machinery, inverter circuits or by frequency 
ch-ngers using ignitrcn, thyratron anu saturable core 
reactors. The aavantages of the static devices over 
the rotating machinery need no mention. But in the 
static devices also, the SCR has an edge over the other 
devices due to its high efficiency, low forward voltage 
drop and its firing instant being inctepenaent of both 
supply voltage ann loading conditions. 



The present work discusses the frequency doubler 
circuits using semiconductor devices, the rectifiers end 
thyristors (SCRs). The field of application of these 
circuits IS in the flourescent lamps for lighting, high- 
frequency welding and power supplies for high speed 
motors. 


It IS beyond the province of the present report 
to cover completely the characteristics of SCR, since 
the operation of frequency doublers discussed cannot be 
understood without the knowledge of these, the essentials 
ere given. 

(i) The SCR being a gate controlled rectifier 
differs considerably in operation from an ordinary 
rectifier. A semiconductor diode conducts when the 
threshold value of voltage is exceeded in the forward 
direction, but the controlled rectifier should have a 
positive gate to cathode voltage even vvhen its anode is 
positive with respect to cathode. 

(ii) Biyrlstor like the ordinary rectifier allows 
large currents to flow (depending upon its rating) with 
nearly constant but low voltage drop across it, when 
switched ”on'* (conducting) and a very small current 
through it when ”off*' (blocking). 
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(ill) The gating signal controls the triggering 
instant of SCR but vvhen the current has started, tie gate 
loses control, 

(iv) SCR may be turned off either by allowing the 
anode voltage to go negative or interrupting the SCR 
current for a time exceeding the turn off time of the 
thyristor. The gate regains control ^»hen SCR stops 
conducting. 

The thyristor thus is inherently a rectifier 
conducting only in one direction, whose conducting 
instant can be controlled. 

The follovi/ing chapters describe different circuits 
developed for frequency doubling. !Ihese circuits do not 
have an intermediate DC stage as in rectifier-inverter 
circuits. 

Chapter II discusses a very simple circuit 
requiring a two phase A. C. supply input and gives out 
a single phase double frequency output. This circuit 
employs two full wave rectifiers and a subtraction unit. 
Though the output waveform is reasonably sinusoidal, its 
efficiency has been found to be very low. 

Chapter III describes an improved frequency 
doubler circuit, where the subtraction of the two 
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rectifier jA.C. inputs is mede through the loed. It is 
found that this circuit is more general ana can be used 
for frequency multiplication by an integer using a proper 
balanced polyphase supply. The output waveform of this 
circuit is more distorted than that of the circuit 
explained in Chspter II. However it operates at a reason- 
ably high efficiency. 

In Chapter IV the conventional DC to AC inverter 
has been modified for use with single phase A,C. input. 

By properly chosing the gate circuit voltage, the circuit 
delivers power at twice the input frequency. The chief 
merit of this circuit is that it requires only single 
phase input. By using three such identical units, a 
three phase output at double the freqwncy can be 
obtained. 
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CHAPTER - II 

FREQUENCY DOUBLERS bITH TbO PHASE INPUT 

2.1 Introduction : 

The frequency doubler circuits to be discussed 
use ei trier dioaes or both SCRs and diodes. Ihe principle 
involved csn be applied for frequency multiplication by a 
factor other than tvvo also. !Ihe frequency multiplication 
factor being equal to the number of phases of the avail- 
able supply Thus for frequency doubling tbo phase supply 
IS needed This is obtained from three phase supply 
either by Scott connection (Fig. 2.1a) or by directly 
making use of the phase relationship betv^een the line 
voltage and a suitable phase voltage of the three phase 
supply (Fig. 2. lb). 

2.2 Principle : 

The block diagram (Fig. 2.2) illustrates the 
principle involved. The two full wave rectifier units 
rectify the incoming sinusoidal signals and these signals 
are subtracted in the subtraction unit to give a double 
frequency output. The subtraction of the two rectified 
signals may be done either magnetically or electrically. 

2.3 Circuits : 

A few variations of the fundamental circuit as 
outlined in the Fig. 2. 2 will be discussed, ihe variations 




voltago and a suitable line volta^^o aro 90 degr^ 
out of pbaso 





in tl‘ c circo-t& "use cae to tt'e Ciett-ods used for tLe 
■jjbtrsction of th two r ctxfiod signals ^nd for the 
control of output voltage 

2 31 Circuits vi'ith raagnotic subtraction : 

A trrnsfoi'-"'er with centre tapped prirnary ig used 
"s ti^e sub^rEcticn unit Ti-e complete circuit is given 
j-n Fj-g 2,3. The anpere turns of the two halves of the 
primary Vvinding are m ooposite sense Ctna hence the flux 
set UP ip thp core \.ill be due to the net enpere turns. 

Tl e D. C. anperc turns being equd and opposite do not 
contribute to the core flux Due to phe cancellation of 
D C. fTjpere turiiS, the turns ratio gets reduced by a 
fector tvvo The two h Ives of tlie primary vvinaing have 
to carry a large D, C. "s the tr<nbfor^er winding, resis- 
tance IS usually quite sm 11 That is why two equal 
resistance^j have been adt-icd in senes with the two 
halves of tl'’e primary winding. This affects the effi- 
ciency ana the rcgult tion of tile circuit very h^dly. 
Instead of using resistances^ a resistor R in the 
comron lead can be used. This resistance besides 
controlling D.C. output also effects the output voltage 
waveshape as explained later. 

The mcgnitude of double frequency output voltage 
can be controlled by 

(i) varying the magnituae of the input voltages. 
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(ii) Vcrying thf ph se shift between the fvvo input 
voltages. This requires the use of a phase 
sniftt r 

(ill) In case SCRs ere useu_, the output voltage magni- 
tude and waveshape can be controlled by controlling 
the firing instants of the SCRs The circuit used 
IS snown in Fig. 2.4, the design of gate circuit 
has be-^n given in detail In Chapter * The wave- 
forms to be subtracted are shown in Fig.2.5Ca) and 
the resultant output ir Fig. 2. 5(b), 

(iv) varying tire resistance placed m the common lead 
to control ti.e d. c. current, the diodes can be 
made to turn off at a desired instant depending 
upon hre ratio of the load resistance and the 
resistance in ti.e cominon lecd. Uore will be 
discussed about this in a later section. 

2.32 Electrical Subtraction 

Two eoual resistors are used for ti-is purpose. 

This besides controlling the current through the 
rectifiers will also provide tlie aifference of the two 
voltages appe ring across them The arrangement is 
shown in Fig. 2. 6 (a). The output volte ge depends upon 
the ratio of Rj;^ and R. The delta formed by the 
resistors R, R c>nd can be converted to an equivalent 

star with resistances R^, and R^ as shown in 
Fig 2.6(b), 
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■vvhore 


; nd 


Rl = 


R2 = 


^ ^'1 
2RtRL 
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R-. 


2R-Rl ^2 

The pitoince of R 2 affects ti-c period of conauction of 
the diodes in bof^ tho rectifier units Vvhen botlc the 
supply voltfgLS rc spoiled to the circuit, the voltage 
Drops in Rj^ and R 2 m c? cli loop should suiri up to the 
opolied voltage Tins condition gets au toma tically 
^ tisfiod ly the curirnt adjustment in each loop But 
I'hon tr e loltc^*- arop in R 2 itself equals the output 
ot cTV o1 tne rectiliL-r unit, that rectifier unit stops 
co-iGucting Ti-e rectific^r v ill continue to be in the 
noix-condu cting state as long as tne voltage drop in R 2 
exce^as ti-e cp.-jliad voltage. This pnonopenon has been 
expliinod in Fig 2. 7(a) and F-i-g 2.7(b) 
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The rectifier unit I vkiII be 'off’ (i^ = 0) when 
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v/here 26 is the period for which the rectifier unit 
reviPins conductin^^ in 0 half cycle. 
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Similerly icctifier u ai t tt k t i i >, i 

li will be 'offt 

(12 = 0 ) i/vhen 


R. 


Em Cos 0 _2 ^ 

4 . % Sin 0 


o r 


cot 0 


R 


but 0 = c>o - e 


tfn 6 ^ ^ ^2 

rS 


Tte values of the conduction angle 26 for differ^ 

letios of fij/R, or r/Rj, nave been plotted i„ 

The corojction cnglc v ri^d. r-rio 

^ V rieo betvteen 90° ciiid l8o° 

IS 9C° vvlien R/Rr - Rco/Rn - nr, i 

/ L ^ n 2 /ni = C3D and 180° when 

equals zero. Incidentally tb<^ v. . ^ ^ 

dxxy u.e Qcpenaence of the 

01 conduction on or Rj^ provides us «th a 

plot the rcg-ulation chcracteristic of tins circuit 

2 4 xisrmonic Malysis 


EE© follo^iiiing t-£rnionio enr.-i ^ 

e xxuunic onclysis refers 


case of the gate controll 
Tic gnetic subtraction. 
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In the voltage woveforips of Fig. 2. 5 (a), 
the angle rt nhich the rectifier gees into conaucti 

If f^^-he) and f<^0(e) bg functions 


Is 

on. 


sen ting the rectified voltage ■bu'^-rr ^ /a 

vuxxcige i(vaveform (i) end (it\ 

respectively, then 


^epne- 





UO 






n^r 


■ y'i L 


(a) 

■^^^^(6)= a (a Cos ne Sin n&) 


ICT 


. (b) 


Subtracting (b) ft on ia), 


f(e; = f^-^(9) - 


Since 


U) 


,(ii) 


o 


o 


00 


. f(G) = 


n=i 


Cos ne 


n 
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Since magnetic subtraction is usee, the output r m. s. 
volto^'ge gets helved in £ 1.1 trcnsforrier subtraction unit 


.* R.l S. output voltage 
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The expressions for ’ n ^n 


'n 


have been given in Ap endix 1.1. Using the expression 
(f) the nagnituae of lamonics in tile output of the 
frequency doubler Cc.n be found out for various firing 
angles. The Fig. 2. 9 gives tne plot of % harmonics versus 


tne multiples of the double frequency output. 
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2 5 Conclu sions * 

The efficiency 3nu regulation of the circuit vvere 
fojna to be extrenely poor This is aue to the presence 
of resistors in the uioue circjit The efficiency of the 
circuit discussed in Section 2 32 wcs founa to be of tlie 
order of The usefulness of the circuit gets dimnished 

onl^ "hcceuse of tiic presence of d.c. in the tvi/o helves of 
the subtraction unit. It '^ey eppeer tnat the insertion 
ol crppcitors in piece of resistors is a feasible solution 
for cvoidinp a c , but both the rectifiers stop conauoting 
once the cap<<citor gets chergea to the peek voltege and 
the circuit cesses to ..orL. Thus it is found inpossible 
to Improve this circuit using electrical or magnetic 
subtraction units 
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LtliiFlJijn xXx 

i'Jl IMPROVED FREQUEi^CY DOUBLER CIRCUIT 
3-1 Introduction 

The r^a^or drfvvbc cks in the circuits discussed in 
the lest chepter uere aue to the loss in D C liniting 
resj stances in the subtrEction unit. This loss has been 
avoided in the circuit discussed in ttiis chapter by 
aeloting tl-c subtraction unit 

3 L Principle and circu-t Operation : 

The block caagran of rig. 3,1 illustrates the 
pri'i'iciplc involvcu. Tuvc full- wove controlled rectifier 
units feed r conr’on loi.a such the t their directions of 
focn are opposite to oiie cnother, SCRs have been used 
in the rectifier units to avoid c short pircuit of the 
t\kO phases at every instont of a cycle. Figs 5.2(a) 
auv- shov« the circuit arrangements used Both 

circuits arc identical so far as their perfomance and 
analysis are concerned 

B'e linear reactors c re placed in the lines to 
limit short circuit current, I'lhen noro then one SCR 
conducts. The SCRs cTv firea in sequence 1 2 3 4 1 by 
pulses derived from tne gate circuit E. ch pulse firing 
of the gates occur after a 9C*^ intervail. 

Tvvo modes of operation are possible. But only 
mode I operctifi^n will oe uiscussea Since in Mode I, 


Pra-c I 


Phaco I 


Fall 

Contr'^lloJ 

octafi-^r 

bint I 



Pull Wave 


OontilpollGd 
Roctifior . 


Pliase II 


Diarraa if ^ Iifiovod Frequency Doubler Circuit. 


Linear He ac to re 





^ m 



cxrcuii 


Pliaco II 


Fig, 3.2(a) All I:iprovoa Ficqucncy Doudlor Circuii 



Triggoi CircL it 


L.R-~Lxncar Reactor 






L.R. 


Phase II 



Trigger 

Circuit 


Fig. 2.5(b) Another Form of 
the Improved Froquoncy 
Doubler Circuit. 









Ill- 3 

on. 6 foCR condijcts ot r tiTfiSj tti© us© of Imssr 
rpoctors is unnecesscry 

lor 0 purely resistive load, Mode I operation 
occurs for firing angle 6 lying between end 90° and 
the output powfr can be Vcried by controlling the 
firing angle. Fig. 3. 3(e) end Fig. 3.3(b) show the output 
voltcge WEvoforir for tvvo different firing angles 

For en inductive load, the Tiode I range of 
operation of tlie frequency aoubler circuit gets reduced. 

Ihis IS because the current lags the voltage in an 
inductive circuit end tne SCR continues to conauct until 
the current through it ali^ost falls to zero.* For a purely 
inductive load, this renge is 45°<1 ® <C. 90°. 

In ipode I operation, the circuit analysis is 
very simple as the circuit reduces to a simple Li*-R circuit. 

3.3 Gate Circuit, Operc. tion ana Design : 

The circuits used for prouucing pulses to fire the 
SGRs are tvvo relaxation oscillators using unijunction 
transistors (a negative resistance aevice). have 
sjmchronisation of the pulses with the supply, the inputs 
to these relaocation oscillators v craven iroiri ti.e two 
phases 

3.31 Operation : 

Fig. 3. 4 represents a basic relaxation oscillator. 
i\ full wave rectifiea signal obtained from a rectifier 
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3 *5 (b) Outpu-u voltage waveform for © m 
( Resistive Load ) 


0 
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briLge IS used to supply both poTf^er cina synchronising 
signol to the ^rigger circuit The zener diode is used 
to clio end regulate tne peaks of P,C. as shovi/n in 
¥±>i 3 6(c) 

me circu-Lt uorks as cn oscillator because the 
c'^ittor input chc racteri sties of the UJT has s negative 
rosxstrncG region as inuic tea in Fig 3 5. The wave 
ci'rpps 01 tne circuit ore sho-hn in Fig. 3. 6. \ihen the 
voltage r cross xener uioce is applieo, the capacitor C 
starts tr charge exponentially towords p?.e charging 
V site re as shovin in Fig 3.6(c) through and R^. The 
cnerging interval corre'^ponds to the operation along 
path of tne eriitter caarecteri sties shown in Fig. 3. 5. 
The emitter is reverse biased during charging interval 
so that Input current Ig is very low. Viiien the emitter 
voltage reaches tiie peak point, the emitter becomes 
forward biased ana the dynamic resistance between the 
emitter and ti e base one drops to a low value. The input 
current ig abruptly rises along path BC to a value equal 
to the peak point voltage Vp appearing on the capacitor C 
divided by emittejfcrto-base-one saturation resistance plus 
R 2 . The capacitor now begins to discharge until the 
volley point is reacnee At this point the emitter ceases 
to conduct so that emitter current drops to that of A.*, 
Vvnict is the starting points for next cycle of operation. 






Fi 11 tra/c Zeaer 

R^Cuifier Diode 


Fig .5,1 RclaxaCa,on Oscillator 



Fig *5 *5 Static Emitter Charac uoristic Oirve 
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Depending upon the volue of R^, ana C, e number of 
pulses nay be produced in one half cycle of the line 
voltage. But in firing the SCR only the instant of 
occurence of first pulse is important It the end of 
eacn half cvcle, the voltage at base tVvo of the UJT Vvill 
drop to 2oro and any chrrge on the capacitor will forv\rard 
bias the erri tter-base-one junction of DJT into conduction. 
The capacitor voltage becomes ^.ero at the end of each 
half cycle thus synchronising the triggering pulses with 
the line voltage. 

3 32 Design of the Triggering circuit . 

Specifications of UJT 2Iil264-6 
Absolute maximum ratings at 25*^ C 
Power dissipction , . . 300 nw derate 3.C mw/'^C 

Rf'iS emitter current . 50 mA 

Proii emitter current 2A (10 micro-fared or less 

aischarge or 30V or less)- 
Interbase voltage . 35 volts 

Operating temperature range . -65°C to 125°C 

Intrinsic stand off ratio , ^ Min. Typ, Majc. 

0.56 0.65 0.75 

Interbase resistance (V33=^3V, 

lg=0)fig^y 4.7K 7K 9,1K 

Emitter saturation voltage 
V3B ~ lev, I3 - 50 miA Vg(Sat) 2V 

Peak point emitter current Ip 
VbB - 25 V 


0.4 5 ^A 





f 

/ 
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(a) 


c-tif led 
Oi’ tput. 


(b) 





ixains 

Supply 




/c-’lley point current 


4 


6 TiA 


-"V 

'^Bi 5 = fijj X 100 oliins 

Bose 1 neeli po|se voltcge 


j. 0 


6.5 volts 


In case of a OJT relaxation oscillator, vdde rar‘ 2 
of e^rfuit parameters are possible But some conditio -'s 
for satisfactory operation must be satisfiea 
(l) Load, line of (R^+ B-y) sn.d V33 must intersect tbe 
emitter characteristic curve to tt-e right of tne pealr 
point. The conaition ensures tiict the resistors (R^-VRy) 
can supclv sufficient current to the emitter to trigger 
UJT 

\ y J vsf.ere R, = B + B„ 

' r J- 5 7 

Ijj IS inversely proportional to Vg^ 

>''t 15 volts (voltage ocross zener diode) 

typical Ip z Q - C 1 p A 

15 

_ _5x25^co n 

maximum - — ■— — ^ 0.3 pp 

^ 15 

Vp = V33 ^ 0,65 X 15 r 9.7 5 volts 

maximum Vp - V33 = 0 . 75 x 215 = 11 25 volts 

Upper limit of taking into consideration the v.orst 

conditions i.e. 

(a) the maximum value of Vp. 

(b^) the minimum value of -V^b 

(c) ‘the maximum Value of Ip at minimum temperature of 


operation. 



Ill- 


15 - 11. ?5 


or 41^450 K 


^ b. 3yu A 


( 2 ) TAe lord line formed by Vgg and Rj dust intersect tile 
emitter cb aractenstics to the left of tile valley poirt. 


Ri 


< 1 , 


If this condition is not satisfied the load line will 
intersect the entter characteristics cupye in the 
saturation region and the UlT may not turn off ^fter it 
triggers on tie first cycle. 


si'ould be actually measured in t^i,e circuit as it 
oopenus upon R 3 ^ ^nd 
Taking = 0.5 Vgat =^.5x2 = 1 V 

anu. ly « 4 mA (minimuai valu«^ 

< 4 rtiA or R, > 3.5 K. 

% ^ 

Thus R^ « 3.3 K (fixed) dnu R 7 x 250 ( (variable^ have 
been cliosen. 

( 3 ) The selection of C is governed by the emitter peak 
current, i^^hich should not increase above 2A, for values of 
C < 10 Ilf and peak point vgltages <^30 V. For higher C 
( >10 uf) or higher voltages ( ^50V) a resistance in series 
with C should be used. This adaitional resistance should 



in- 


to e at least one ohT per ircrof "rca of C Agdn tne v^lue 
of C stooulci not fall belci# C OCl uf for 2N2646 because tbe 
firplitude of critter volt£ge vvrveforr will decrease Tnis 
decreases the frequency st-bi2ity of tne circuit end also 
reduces the allowable range of 

C = 0 1 ricrofarcn has bean selected 
Control fror o" to lbO° ovtr tire h-'lf cycle of line voltage 
IS reouired. ho pulse will be produced between 0 and 9^^, 
where 9^ is given by 

15 = 110^^ Sin or 9^ z 5.5°. 

5.5 degroos corrosponu to 0.3 r.secs in tnis case, when 
input fronuency xs 50 hi, Thus control fron 0.3 irsecs to 
10 rj^'ce is reouired. 

Since % r 3.3 K and C = t 1 ;uf ana if >)^ 0.63 then 
T = - h-, C In z^- 

which gives T z 0.7b msec. 

0,76 rsec. correspond to 13.68 degrees. Tnerefore control 
over the half cycle can be haa from 13.68° to 180° approxi- 
ma tely. 

IS given by 0 7 vi ich gives = 435 ohms for 

Vi = 15 V, Rgg - 7 K and - 0.75 

^ 2 iS limited to a Vriue oelow 100 ohms, ciioosing 
R2 - 47 ohms 

The complete specifications of the components used in the 
triggering circuit have been given in Fig. 2. 4, Chapter II. 



Z,i\ Hnrronics x'noly&- o 

The lourier x. cnri'^sf i Lc tio’i the ootpot 

voltfgG Kievefcrx^- as pi'^on in i"'- : ^(o> 's 

f(^} = Cos n%. + Sin nO'i 

n=r''' 

Tig I'ouner coof iicie.its hav - been worked out in 
ip^encliT 3.1 Considering the limiting case of Mode I 
1 o., yf-hen - 0° no 

Sin(l+n)V2 bin(n-l)V2 . Cos(n^l)-n 

^ — ;r:T-“ -Til 

Co (n T 1 ) 2 _ C oo(n-1)K Cos (n-1 )'^/2 

n •- 1 n-1 ' n-1 

It IS founu ti-ct = 0 lor n = 4^ 14, 16 . etc. 

lor otf-ei vclues ''h n, can be Cclculated giving 


one 

rrt of 

tl’e 

Fourier 

series c 





£i(e) 

II 

1 

Co c 

^ /C 

c? -i* 7" 

Cos 2 & 

- 

1 ^ 

2 Cos 

3 9 + 7 Cos 
6 



2_ 

35 

Cos 

6 ^ 

- — Cos 
6 

7 


1 

10 

Cos 9 © -f- 




Cos 

10 £ 

: - — Co s 11 6 -1- 

1_ 

Cos 13 © 



99 



10 



1 4 


and 


b .X _ % I* Co s (n -sl ) V 2 _ 1 _ 1 Cos (n-1) V 2 

^ 2A j n -J" 1 n+1 n-1 n-1 

Sin (n-1 )^/ 2 , Sin(n t 1)^/2 
n-1 n+l 

Here agcin, « C for n = 4, b, 12, 16 



27( 




etc. 







III- 


"or otl'cr vciluos of n, eta be cdculated giving the 
oti or Pert of the Fouiier senes es 
P, 




n 


i Sin fe f ~ Sin 2 Q ->r^ Sin 3 t + | Sin 5 


2 


— Sin 6 t - Sin 7 G -t -- Sin 9 0 + 
A 10 


35 


f(G) = 


1_ 

li 


o E 

(Sin G -bCos e) +- ~-(2 Sin 2 G -f Cos 2 9) 4 


Fni E-, 

-- (Sin 7 G - Cos 3 9) -t --(Sin 5 0 H-Cos 5 9) 
^ 67^ 


ri o i"irgnitude ol ti o ntb hcrmonic is given by • 


Jig. 3. 7 sboi's the hjiriionic plot. 


3.5 A Gcnercl Freou oncy i U tipl ler 

The principle erployea loi iiequency noubiing cen 
flso be used for producing higher even harr'^onics. To have 
0 freouency iiui tiplificc tion by a lactor n, v.here n is even, 
a 2n phase supply is recuired. Fig 3.S shovvs tne circuit 
lor s four-fold increase in the frequency. The firing 
sequence of GCRs being 12345678 end 1. For operation 
in T/ode I i.e., when only one SCR conducts at a time, no 
current liviiting reactors are required. Fig. 3- 9 sho¥\/s the 
output voltage v^eveforTn \hen tiie circuit operates in ■I'l^oae I. 
A similar arre^ngement cctnnot be used for the generation of 


odd harmonics 






Fig J.9 CX'trL'c, of Frequency Quadrupler 



-^*6 Conclusions 


II 


me inpiovea ireouency aojbler aiscueseci in tbn n 

cilrp)'tr0]7* "bPf'fPT^ O-P /-I T 

Lit bcer eiiiciencv arp rr dtiI --P u ^ 

y -Cl rcgulotion as ccrpcred 

to those rtiscos.eo in fli pter 1 But as fsn distortion 
IS eonoerned, tne output nas nigner naroonio contents, 
me sate circuit can be u.ea for generation of higher 
freouerey output if suit.ble poly-ph.se balanced input 


liu usea. 
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CHAPTER - IV 

FREQUENCY DOUBLER WITH SINGLE PHASE INPUT 

4.1 Introduction : 

llie frequency doubler described in this chapter 
requires only a single phase input. The output is a half 
cosine vvave and the transition from one peaJt to another 
IS almost instantaneous. This transition is brought about 
by the use of a commutating capacitor like the one used 
in an inverter circuit. 

4.2 Fundamental Circuit ; 

A svvitching analogy can be used to illustrate the 
frequency doubler action (Fig. 4 * la)* Ihe switches and 
S2 sre such that both of them cannot remein'on’ simultane- 
ously. Turning ’on’ of one say S2 turns the other (Sj^) 
switch ’off’. For frequency doubling, in the region A of 
the input voltage waveshape (Fig. 4 . lb), say is 'on* and 
S2 ’off’ and in the region B, S2 will be ’on* and ’off’. 
The switch over from to S2 and vice-versa is assumed to 
occur instantaneously thus avoiding any short circuit on 
the supply. The ideal output voltage waveform is shown 
in Fig. 4.1(c). 

4.3 Commutation : 

The switches used in the analogy may be replaced 
by thyristors as shovvn in Fig. 4 * 2 . Each switch is re- 
placed by two thyristors connected in anti-parallel so 
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Fig .4.5 


thsi ©ne tilfiyrlstor cojaiduct? for the positive quarter 
cycle and the other conducts for the follovang negative 
quarter pydlg. Ifie thyri^spors may be turned ’on’ by a 
poBitiye gsto $lg^8l applied betv^/een the gate and the 
cathode vvhen their anodes are positive w^r, t, ttie cathodes, 
but the turn ’off' of the thyristor during transition from 
S 2 _ to or vice-versa has to be accomplished by means of 
additional circuitry which acts to reduce current through 
the cofjductihg thyristor to zero for a given length of 
time allowing it to cease conduction* This turn *off’ 
action is termed as coimi’utation and it is defined as the 
trcnsfer current from one path to another, !Ihe energy 
for fhis cQmri}j):gt|op stored ip p capacitor Q, called 
the commutating papac^for^ which gets discha^rged Pt the 
instant of commutation to drive the tiq^riptor curfept to 
zero for ^e required period, termed the turn off time, 
for the thyristor to recover its forward t>locld.ng 
capability. Since a thyristor takes some time (order of 
microsecs.) to turn 'off, during currept transfer 
(commutation) two thyristors will conduct simultaneously 
thus placirig a short circuit across the supply. TO avoid 
this, a co?miu tciting inductance L is connected in series 
with the input voltage source. 

4.4 Gate Firing : 

The voltage supplied to the gates of SCPs if of 
rectangular waveform is kept 90° out of phase with the 
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input voltfge, bec£use for a symmetriccl uoubl d fr*eouency 

« 

output, the commutation should occur Vi/hen the input is 
passing throu^ its peak (Fig. 4*2 ^)‘ To proauce tins 
phc sc shifted rectangulrr waveform from a sinusoidal 
signal \>/ill reouire some additional circuitry. To avoid 
this, ? sinusoidal gate signal can be used with such a 
phase shift that the thyristors are able to fire when 
their anode voltages pass through their peaks (Fig. 4. 3 ). 
This phase shift in sinusoidal gating signal can be had 
by the use of a R-C phase shifting network as given in 
Appendix 4.1- Tbis voltage is fed to the gates of the 
thyristors through isolating transformers. For region A 
indicated in Fig.4tl(b), the gates of SCRs 1 amd 1» should 
bo positive witn respect to cathodes and for region B, the 
gates of 2 anu 2 ' should be positive, ihe isolating 
transformers used are connected to the gates as shown in 

Fig. 4.4* 

In case, the firing does not occur when the input 
IS passing through its peak, then the two halves of the 
double frequency output vvill have unequal time durations 
and the transformer primary winding will have to carry 

D C. (Fig. 4- 5). 

4.5 Operation ; 

Ibr each quarter of the input cycle, the circuit 
conditions will be discussed (refer Fig.4»2(B), (c)). 



a) Resistive load : 

In. the first quarter of the input cycle (p-q) 

(refer Fig. 4*2), the gates of both 1 end 1’ sre positive 
but only SCR 1 conducts because of the positive supply to 
the anode of SCR 1. The voltage appearing across the 
capacitor is tvvice the voltage appearing across each half 
of the transformer primary sanding. 

In the second a_uarter cycle (q-r) the anode of 
SCR 1 becomes negative and that of SCR 1’ becomes 
positive T;ath respect to cathode. SCR 1 stops conducting 
and 1* goes into conduction. This commutation from 1 to 
1' is nctural because of the reversal of the applied 
voltage, SCR 1’ conducts till the input passes through 
the negative maximum. The conditions in the circuit are 
indicated in Fig. 4. 6(a) for the quarter cycle (q-r). 

Commutating interval : 

i\t the end of quarter cycle q-r, the voltage 
across capacitor is 2'E^ vvith x at higher potential. The 
gates of 1 ana 1’ are no more having positive signals 
but instead the gates of 2 and 2’ are positive. SCR 2’ 
goes into conduction. Both 1^ ana 2' are shown conduc- 
ting in Fig. 4. 6(b). This places a short circuit across 
the supply and capacitor also. The capacitor discharges 
through 1’ and 2' turning off 1» and the excessive 
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Durin'T icycle r-s SOR 2 conducts During ¥ cycle s-t SCR 2 conducts 













crpfcitive energy discherges through the load. This gives 
rise to some oscillations in the load voltage waveform. 

SCR 1' gets turned »off» only if the current pulse due to 
capacitor discharge exceeds the current carried by SCR 1« 
and lasts for a time long enough for SCR 1' to regain its 
forwerd blocking capability. Also care should be taien 
that the peak: pulse current due to capccitor discharge 
does not exceed the surge forward current of SCRs. The 
choice of L and C depends upon the above factors. At the 
end of the commutating interval^ the circuit conditions 
are shown in Fig. 4 . 6 (c). SCR conducts for another 
Quarter cycle (r— s) At s the input voltage reverses 

and SCR 2> gets naturally commutated. SCR 2 starts 
conducting and keeps conducting till the input passes 
through Its positive peak. 

The current transfer from SCR 2 to SCR 1 vail occur 
in the same way as it occured from SCR !• to 2*. 

b) Inductive load : 

A.S shown in Appendix 4*2 the load current 
expression in case of inductive load is given by 

^ ‘ ^ Cos(wt-e) + ( 1(0) - ^ Cos e ) . eP 

■6 Z 

Where 

6 * tan”^ ~ and Z ^ R^+ (wL)^ 



„ , -Et 

, ^ 0-01 - e)- e L .cos 6 , 

rnd i(0) = 7~ C ) 

^ -Rt ' 

1 - e 


A typicel current waveform may be as shovvn in Fig. 4. 7. 


It can be seen that SCR 1 aoes not stop conduction 
even when the supply voltage has reversed. Ihyristor 1 
conducts till the current through it passes through lero. 
Then SCR 1’ starts conducting. Forced commute tlon occurs 
when the current through SCR 1* is passing through its 
peaF. The capacitor discharge through SCfis 1» and 2» 
turns off 1’. But the load current has not reversed, 
therefore 2’ is also turned off and instead SCR 2 begins 
to conduct end returns the load inductive energy to the 
supply. Viihen the current through load passes through- 
zero, SCR 2' starts conducting as its gate is still 
positive and continues to conduct till the current 
through the load reverses and SCR 2 conducts again. \ 

It is to be noted that SCR 1’ or 2 do not start 
conducting just when the voltage reverses but go into 
conduction vvhen the load current reverses. Mth s phase 
shifted sinusoidal gating signal a situation may arise 
(depending upon hov^ much inductive the load is) that the 
SCRs 1' or 2’ may not go into dunction because of the 
insufficient gate signal strength. Therefore, in an 
inductive load the use of a rectangular gating signal in 
quadrature with the supply input should be preferred or 
else an increase in the sinusoidal gating signal and the 
adjustment in phase shift may serve the purpose. 
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i ig. ■^'•7 Voltage and Cvirrent relation for 
an inductive load 


Fig.4,9(a) 


Fig. 4.9(b) 



4 ^ Aticiysis during the Conuiiutating Interval ; 

The analysis has been carried out for resistive 
load only, for the presence of load inductance makes the 
analysis quite complex. 

For this analysis the folio vuing assumptions have 
been made. 

(1) The input remains constant at the value during the 
the commutating interval and hence the expressions 
mil apply only for that interval. 

(2) The transformer is an ideal transformer with 
negligible magnetising current and negligible winding 
resistance and reactance. 

(3) The commutating inductance has negligible resistance. 
(4-) Ihe SCRs are ideal with ^ero forward resistance when 

’on», infinite forward resistance when ’off’, and 
infinite reverse resistance. 

(5) The load contains resistance only. 

Vlhen SCR 1' is conducting and the voltage is 
passing through its maxima, SCR 2’ is to be switched 
'on'. The capacitor is charged to a voltage 2 ^ at this 
instant. 

Drawing the equivalent circuit (Fig. 4. 8a} and 
transforming the circuit to a convenient form as shown 
in Figs. 4.8(b) and 4.8(c). In the Fig. 4. 8(b), the 
circuit between nodes A anu B can be reduced to a simpler 






Fig. 4.8(b) 



Fig. -^.8 (c) 
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for^'i by tic 'nolicrtion of Tlievenin's theorem. 

R/SC> R 

^ - - — 

R+l/SC 14-SC'R 

whorp 

R - and C = 4C 

E = ^ RC> 



R-tl/SC If&RC’ 

The voltage equivc'lent source %hich will replace the 
current source E^/SR is (Ejjj/SR)SL = Ein(L/R) 


Vi'riting the loop equction 


E, 


_m ^ \ RC 

^ R 1 + SRC ' 


R 


sLtjTiSTi ) 


or I (s) r ^ ^ 
R 


1-t 2SRC» -t SL/R -V- S^LC* 
S(SL/R -t s^LC’ -t 1) 


Defining RC * T and L/R - 


i{s) = Ex 


R 


1 -^2TgS + STy -R Tr 

S(STl+ T^' TRi'l) 


Taking tbe invo se Laplace transform, the thyristor 2 


current is 


i(t) 




R 


It 


2 VTl 


(Tc/Tl-s)^ 


If Q= (- 


k 

- A'i* 




e ^0 Sin — (— - i) t 

c L 


c 

tl 



I(t) - 

R 


1-t- 


t) _t/2T, 


Q 


Sin 


Qt 


for t ^ Q IS imrginary and the current increases 

exponentially. 


The output voltage transform is 


Vl^S) z 1 is) (R/l +SC?R) 

Simplifying and taking the inverse Laplace transform, 


= Sin 


1 - 2e 


-t/2T„ ^ ^ 1 'V2Tc ^ ^ 

. c Cos ^ - e ^ . Sin ^ 


Lc -^c 

From the equation for the output voltage, it %ill be^seen 
that tre tbyristor ceases to be reverse biased when the 
output voltage goes through zero The slope of the output 
voltage waveform at the instant of switching i.e., at 
t = 0 IS 


dt 



volts/ sec 


Considering the slope constant until voltage passes 
througii zero, zero will be passed at a time T 


T * T^/2 

and if this time T is greater than the commutation time 
of the thyristor saiisfactory commutation will take place. 

■toff^ -2. sec. 

2 ^ 

To be on the sefe side the inequality 
be used. 


Figures 4 9(a) end 4 9(ti) show 
u'^veforms for tvvo different values of 
uith more oscillations in the commute 
lor higher ratio of 


the output voltage 
1ti.e one 
ting interval is 


4.7 Har’^'onics in the Output . 

Considering c general case of 

^ cosine waveform 

between 6i and ©2 representing it by Fourier series 


f(e) r 


o’' 


n=l 

In the present erse 


OP 

g" Cos n6 -V h^ Sin nftj 


f(^) = 


5n 

TV 


I Sin 2e^^ Sin Sin 6e't|| Sin 86 


for = 0 and 0^ = 180° as shown m i^pendix 4.3 


II the amplitude of second harmonic (45^3 ) is taken 

as 100^, then 

% 4th harmonic or second harmonic with respect to double 
freo_uency = ao%. 


f 6th harmonic or 5rd harmonic with respect to double 
frequency = 25.7^ amd so on 


The percentages of various harmonics present in the 
output have been plotted in Fig. 4.11. 
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Fip, . 4.10 General Cosine Section 



12545^759^^ 

roiltiples of double frequency 


Fig .4. 11 Harmonic Plot 



' Cuncrrl Frequency j,'’ui tiplier 

Ti-O cxi cu it Liiscussct m Section 4'i 5 cen clso be 
joou to i. rjuijce iiigber Irequfiicy output This cen be done 
by suitebly choosifig tne SCR tiring interval, pbr fre- 
nuency trip, ling ttn filing interval is 60° and for 
frqouency r-ultiplicr tiun by a factor four, this interval 
10 *^0 . For rn odd frequency multiplication factor, there 
ill be n net prirrary h C ompere turns but for an even 
fi ourncy nultiplicc tion factor, the net D. C ampere turns 
are ro. This is clear i rom the output Vrf-’veforms shown 
in r IP. 4 . IP Fig. 4 15(c) Ttie outputs of these 

dfriutncv sultipliers are found to be highly distorted. 

4,6' Conclusions : 

Ti e frequency doubler circuit has an improved 
efficiency and regulation vhen co'^^pcreq to the frequency 
doublers discussed in C.pter II. In this case the output 
ponfi c niLct be Vc'rica uy controlling the firing instants 
of SCRs. Tt 0 output volte ge i/i/oveform of this frequency 
aoubler has iroro distoi'ion contents when compared to the 
distortion contents of output voltage of the freouency 
doubler discussed in Chfpter II The chief merit of this 
circuit over the circuits discussed previously, is that 
it requires £ single pnrsc supply input. The same circuit 
can be used for the generation of higher frequency output. 
If a suitable gate firing scheme is usea. 
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COPCLUSIOA'S 

In tnis thesis, various froQ.oency doubler circuits 
considered t 1 ese circuits ere eitner using tvv'o phase 
1 . P y input or a single Phase supply input. It is pointed 
out thct tne circuits using tuo rectifier units and a sub- 
tr-’ction unit, thoughs give a reasonably sinusoidal output 
voltage waveform have very lovv efficiency end poor regu- 
lation. In the inprovec. form of the frequency doubler 
circuj-t using two phase input, it is pointed out that the 
Circuit efficiency is ouitehign but the distortion contents 
increase. It is shov.n thf t this circuit can clso be applied 
tor the generation of higher even hor'^onics. 

In the enl, r ± ncouench doubler circuit ^nth a 
single phase input is given It is found that the circuit 
is ouite efficient but gives out s much distorted output. 

Thj.s sche’^e has also been shov^ to be applicable for the 
generc'tion of higher hurmonics but distortion contents 
increase further* 

Thus It is found that the efficiency of the 
frequency doubler circuits can be iiprovea only at the 
cost of a good output voltoge waveform- 

It may be possible to extendi the results to develop 
a general freauency multiplier with reasonably good output 
waveform and high efficiencj by suitably modifying the 
tltcuitfS. This Is considered as a problori for further 
research. 
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APPEHDIX 2.1 


Referring to Pig. 2. 5(a), the equations defining 
the rectified voltage waveform (i) are . 

f(e) = 0 for 0 e < a 

f(0) = Sin 0 for n 9 ^ 11 

f(0) = O foric-^S^n+ct 

f(0) = ~ Sin 9 fov % + (t < 0 <2% 


The Pouiier coefficients a^, a^ and are 
given by the relations 


and 

Therefore, 
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f(0). de 
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(i-) ^ ^ ( / Sin e.de / Sin e.de ) 






a 


2u 

r 

ix+a 


(1 + Cos a) 


= ^ ( / Sin e.Oos nG.d© 
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Using the trignometric relation 


Sin G.Cos D = 


and inLegrating, 

» ^.s(n--1) « _ Qos(nM^Ti: Qos(n~lH 
n - 1 nf r n-T“"^ 


/ s E 


+. ^s^nHlSiE . Qos(ntl)( 7 i»a^ Co s(n- 1)271; 

rri -1 nf 1 

n -1 

Por odd values of n, = 0 . 

For even values of n, after simplification, reduces 

to 

a(i) ~ 5 a 

®'n “ 71 


1_ 4. Cos(n+l)a Qos(n-»l)a 

n-1 n+1 ~ n-1 


( 1 ) \ ^ 27t: 

^n ^ tT^ nQ,d0 - / Sin 0 , Sin n0.de) 
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Using the relation 


Sin C . Sin D 


and integrating 


(1) \ 

^n * 271 


Sin( n-1) 71 
n-1 


7t+a 


GosCQ-E) - CosCOP) 
2 


Sin( n-l)<x ___ Sin(nt1)7i: 
n-1 “ nt1 


+ - S3^n-al}221 ^ SillLnrilJJjasI 

n*-1 n-1 n-1 


Sin( nt 1 ) 271 Sin( nt 1 ) ( %+a ) 

“ nt1 ntl 



For odd Tallies of n, = 0. 

For even values of n, b^^^ reduces to 

=, 3e Sin(iu-1)a __ Sin( n-I)a 
^ Tc j nr^-l n-1 


For ihe rectified voltage waveform (ii),tlie 


defining 

equations 

are 

» 

♦ 
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f(e) 
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2 

a s< 0 c 
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f(0) 

= 0 



for 

1 ^ e 

4 1 + a 

and 

f(0) 

= -E 
m 

Gos 

0 

for 

^ + a 

4^ 0 2 ,% 


The Fourier coefficients have been found out in a 
similar wa/ as above. 



for even values of n only. 


and 

-[^(ii) _ 
n 7t 
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for even values of n only 



iiPPEITDIX 3,1 


Referriiog to Pig. 3. 3 showing the output voltage 
waveform of the improved frequency doubler operating in 
mo de I , 


and 


f(e) = 0 

f(e) = Gos 9 

f(e) = 0 

f(e) = Sin 9 


for 0 <9 <0^ 
for 0 -j ^9 ^ ti/2 
for %/2 0 -4 02 

for 02 4 9 ^ 


The Pourier series i ep resent ation of a function f(0) is 


f(G) ss + S CJos n 0 + hj^ Sin nS 
rc= 1 


where and b^^ in the present case are ; 

% 

f Cos 0 , de - / Sin D.de 
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« ^ (-Sin 0^ - Cos 62 ) 

For the oa&e under consideration , 02 i-s equsl to %/2 + 9j, 


• * * ^o ” 


E t;/2 k 

a. - ^ / Cos e . Cos ne.de - / Sm e , Gos ne.dfi) 
^ 9 ^ 02 

Using the relations 
Oos C . Q.S 
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and integrating 
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Using the relations 
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A PgEKmX 4. 1 


Iwo arrangements, one for phase siui^ "between 
zero to 90*^ and another for phase shift beti^/e®^ zero 
to 180° are given, 

a) Phase Shift 0° ~ 90^ : 

Pig. 1 shows the arrangement used for th® purpose 

Assuming i to be negligible as compared to 

o 

:^(Ri + Rg) 

js 7^ - ^ r~ > -~ R where R =* R'l'*'^2 

1 R + l/ov0 


1 + qwGR 
V. /-tan "^wCR 

— -_ i* ■ — ~ 

Y 1 + w 0 R^ 


, -P 4 - oot) roaches 90 

Ihen wGR is very large, phase shiir at t 

0° 

and 1 ,/hen wGR is very small, phase shift app^roac 

3 -hv- varying R, 

This variation in phase shift is achievea 


b) Phase Shift 0° - 180° : 

In Pig. 2 IS given the R-G circuit 


for getting this 


variable phase shift. 




Assuming that is negligible when coiT]; '■’ red to i 
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1/i/hen \/CR is very large, the phase shift approaches 180°, 
anJ \/hen wGR is very small, the phase shift approaches 0 
By varying R, the phase shift is varied between the two 
limits. 



iPPENDIX 4.2 


In the case of inductive load the current lags 
the voltage. The nature of output voltage waveform does 
not undergo any substantial change due to the presence of 
load inductance, except during transients. But the load 
current waveform undergoes a major change. 

Examining a R-L circuit to which the idealised 
output voltage of the f'^equency doubler has been applied 
(Pig,5)« Ib® steady sfc-^be curreni eipression is desired. 

The time interval of 0,01 second is the period of the 
repeating aoolied voltage, therefore if the current starts 
at a value i(o) at r = 0, it returns to same value at 
0.0 1sec, 

The ’response inside the cycle’ is detemined by 
bhe fact that at t = 0 the currenb has an i(0) value when the 
oltornating voltage is applied to the circuit In this 
interval the circuit does not know that the voltage is 
going to change at t « 0.01 sec. The frequency of the 
sinewave, of which this voltage forms a part is 50 Hz. 

The circuit equation for bhus interval is 
\ Cos lOO^xt w Ri + 1 

The current is composed of two components. 

== ^ss Hr 



wliere iggj "the steady state comx^o lent is given lay 
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Igg ~ Gos(wt--e) 


where 


e = tan“'^ ^ and Z - 


The transient component of the current 
Therefore, 
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i * Igg + - ^Gos(vyt-0)4- 

To find the constant A, imposing the condition that 

1 = i(0) at t = 0 

E E 

i(0) = ^ Cos e +• A or A = i(0) ~ CJos © 

E E 

1 = ^ Gos (vrfc - e) + ( i(0) - ^ Cos 0 


Initial current i(0) is found hy substituting i = i(0) 

at t =* 0 .01 and solving for i(o) 

E / 

/^N. Cos {ZTif :c 0.01 - 6) “ Co s 9 

i(0) =» Z 



APPEN D IX 4_.J 


Gonsidering the general cosine section between 
and 02 (Pig. 4. 10). 

By Poarier analysis 


^(Q) = a. + S a Gos ne + b„ Sin n0 


where and b^ are given by 
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Integrating 
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_ .... - 
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when 6j “ 0 and =“ 7t 
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n ^ 


1 - Cos (n fl) Tt l.zLCos_in-jljx 
n*-1 n-1 


wlien n is odd, ^ 


and for even values of n 
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